Analysis of the recently completed
Calcium, a key messenger in plants, is involved in mediating the action of diverse signals including plant hormones, light, biotic and abiotic stresses, and symbiotic elicitors (1) . All these signals have been shown to elicit changes in cytosolic free Ca 2ϩ ([Ca 2ϩ ] cyt ) 1 level (1) (2) (3) (4) (5) . In addition, several growth and developmental processes are also accompanied by changes in [Ca 2ϩ ] cyt levels (6, 7) . Transient changes in free [Ca 2ϩ ] cyt levels control cellular processes through Ca 2ϩ sensors. There are at least four major families of Ca 2ϩ sensors in plants. These include (i) calmodulin (CaM) and its isoforms, which consist of 148 amino acids and four EF hands; (ii) CaM-like proteins, which differ from CaMs in their size and EF hands; (iii) Ca 2ϩ -dependent protein kinases; and (iv) other Ca 2ϩ -binding proteins without EF hands (1) . Ca 2ϩ -dependent protein kinases are found only in plants and protozoan, whereas CaM is ubiquitous in all eukaryotes (1, 8, 9) .
Calmodulin is an acidic heat stable protein with two globular domains, each carrying two EF hands (10) . CaM is the primary transducer of cytosolic Ca 2ϩ changes in all eukaryotes. In most cases, the active form of CaM (Ca 2ϩ -bound CaM) regulates the activity/function of a wide range of CaM-binding proteins (CBPs) including metabolic enzymes, transcriptional factors, ion channels and pumps, and structural proteins (1, 9) . Therefore, CaM acts as a multifunctional protein in Ca 2ϩ -mediated signal transduction networks and regulates the activity of structurally and functionally unrelated proteins. Arabidopsis contains at least nine different CaM isoforms (AtCaMs) and several CaM-like proteins (8, 9, 11) . AtCaM1 to AtCaM7 differ in a few amino acids, whereas AtCaM8 and AtCaM9 are the most diverged (12) .
Analysis of the recently completed Arabidopsis genome sequence, the first plant genome to be sequenced, revealed that there are 25,498 genes in this organism (11) . The next challenge is to identify the function of many of the predicted proteins in the Arabidopsis genome. The amino acid sequences from the predicted open reading frames are useful in many cases in obtaining insights into the function of the predicted proteins primarily through sequence similarities and functional motifs present in the predicted proteins. Database searches with the Arabidopsis predicted proteins indicate that 69% of the total proteins have sequence similarities with proteins of known function in other organisms, whereas the rest (31%) are unique and could not be assigned to any functional category (11) . In cases where the predicted proteins do not show sequence similarities to known proteins, it is difficult to obtain insights into their function. The primary sequence of the CaM-binding domain (CBD) in different CBPs is not conserved (1) . Furthermore, from the few plant CBPs that have been characterized, it seems that plants contain several unique CBPs (1) . Several plant-CBPs have no homologs in non-plant systems. Hence, it is not possible to identify CaM target proteins based on computer-assisted sequence comparisons using CaM-binding sequences (10) . One way to identify these proteins is by functional interaction with CaM. So far, only a limited number of CBPs have been identified in plants (1) . To identify most of the CBPs in Arabidopsis, we used labeled Arabidopsis CaM isoforms to screen several expression libraries prepared from different plant parts and plants/tissues that are either treated with hormones or pathogen/elicitor. We sequenced isolated cDNAs and identified their corresponding genes in the Arabidopsis genome database. In addition, we searched the Arabidopsis genome sequence with other known animal and plant CBPs. We then analyzed CBPs for CBD, structural features, and gene organization and expression.
Our analyses revealed that plants have a unique set of CBPs, and several CBPs have a large number of paralogs. Some CBPs are present in both plants and animals, whereas others are unique to plants or animals, suggesting functional similarity and divergence in Ca 2ϩ /CaM-mediated signal transduction networks between plants and animals. Gene expression analyses revealed that the members of a given CBP gene family are expressed differentially in different tissues. Domain analysis of the new Arabidopsis CBPs indicates that they possess putative domains that are implicated in a variety of cellular activities.
EXPERIMENTAL PROCEDURES

Materials-Easy
Tag 35 S-labeling mix, and [␣- 32 P]dCTP were from PerkinElmer Life Sciences. Triton X-100 free nitrocellulose membrane discs were purchased from Millipore. Exassist helper phage and Escherichia coli strain SOLR were from Stratagene. TRIzol reagent and isopropyl ␤-D-thiogalactopyranoside (IPTG) were purchased from Invitrogen. All other chemicals and solvents are of reagent grade.
Plant Material-Arabidopsis thaliana (L.) ecotype Columbia was grown at 22°C on a mixture of peat:perlite:vermiculite (1:1:1) under 16-h light cycle. Leaves, stems, and flowers were collected from 5-6-week-old plants and stored at Ϫ80°C.
Preparation of 35 S-Labeled CaM-The Arabidopsis CaM isoforms 2, 4, and 6 in pET expression vectors were kindly provided by Dr. Raymond E. Zielinski. Arabidopsis CaM isoforms were radiolabeled using Easy Tag 35 S labeling mixture as described (13) (14) (15) . Screening of Expression Libraries-Five Arabidopsis (ecotype Columbia) and one bean (Phaseolus vulgaris cv. Red Kidney) expression libraries prepared in ZAP (EcoRI-XhoI or EcoRI site, Stratagene) or ZipLox (SalI-NotI) phage vectors were used in our screening. The expression libraries were prepared from the following tissues: (i) roots of 10-day-old seedlings treated with 10 M ␣-naphthaleneacetic acid for a 24-h period (16); (ii) hypocotyls and cotyledons of 3-day-old seedlings treated with ethylene (3-6-kb fraction, a gift from ABRC) (17); (iii) mixed tissues of liquid culture-grown roots, 7-day-old etiolated seedlings, rosette stage plants at different ages grown under two light regimes, and aerial tissues of stems, flowers, and siliques (in -ZipLox phage vector obtained from ABRC); (iv) Arabidopsis flower meristem cDNA library, obtained from Dr. E. Meyerowitz; (v) pooled cell cultures (grown in the dark in modified MS medium treated with 50 g/ml elicitor from Phytophthora megasperma sp. glycinea (18) ; and (vi) pooled bean leaf tissue undergoing hypersensitive response as a result of infiltration of Pseudomonas syringae pv. tabaci Pt11528 (19) .
Approximately 800,000 recombinant phages of each library were screened with a mixture of 35 S-CaM using XL1-blue MRA host strain (Stratagene). The plates were incubated at 42°C until the plaques appeared, at which time the plates were overlaid with nitrocellulose membranes (0.45 m, HATF, Millipore) presoaked in 10 mM IPTG to induce the fusion protein of recombinant phages. Plates were returned to 37°C and incubated for 8 h. The plates were then cooled at 4°C, and membranes were removed and incubated with either 35 S-CaM or biotinylated CaM as described (15, 20) . The putative positive recombinant phages were purified by two additional rounds of screening. During the third round of screening, each putative positive was tested for CaM binding in the presence and absence of Ca 2ϩ . The cDNA was excised in vivo in a plasmid form (ZAPII to pBluescript; ZipLox to pZL1).
Sequencing and Database Searches-Double-stranded DNA from putative recombinant plasmids was prepared, and 5Ј and 3Ј ends of each clone were sequenced using T3 and T7 primers, respectively. The sequences obtained from these clones were used to search Arabidopsis TAIR (www.arabidopsis.org) and MIPS (mips.gsf.de/proj/thal/db/ index.html) databases using BLASTN and BLASTX search programs. After determining the full-length sequence of a CBP as above, we used its DNA (spliced and unspliced) and protein sequences from the Arabidopsis database for various analyses as described below. Search for the identification of the T-DNA or transposable element insertion sequences in all 100 CBP genes (knockout mutants; E value Ͻ1 ϫ 10 Ϫ4 ) was performed at the Torrey Mesa Research Institute (www.tmri.org), the Salk Institute Genomic Analysis Laboratory (signal.salk.edu), and the Nottingham Arabidopsis Stock Center (nasc.nott.ac.uk), where a total of 108,500 sequences flanking the T-DNA or transposable element insertions were available as of December 3, 2001 .
Analyses of Gene Expression-Total RNA from leaf, stem, flower, and root tissues of Arabidopsis was extracted using TRIzol reagent (Invitrogen). Fifty micrograms of total RNA was electrophoresed, transferred to Hybond Nylon membrane, and hybridized with 32 P-labeled full-length cDNA using standard protocols. Searches for expressed sequence tags (ESTs) were performed at MIPS database. If an EST was found for a CBP, we considered the tissue or organ from which the cDNA library was constructed as positive for the expression of that particular gene. We also searched the literature for the expression pattern of already identified genes and summarized our findings in Tables I and II. Identification of CBPs and Their Families in Arabidopsis-We used CBP sequences from Arabidopsis obtained in our screening and other plant and animal CBPs (obtained from published papers or searching the databases including NCBI) to search against Arabidopsis TAIR (www.arabidopsis.org) and MIPS (mips.gsf.de/proj/thal/db/index.html) databases to identify corresponding Arabidopsis CBPs. Several criteria such as conservation of the CBD region and other domains if they are present, level of sequence similarity along the entire length of the sequence (E value Ͻ1 ϫ 10 Ϫ11 ), and protein size were considered in identification of CBPs. Plant sequences that showed some sequence similarity to animal CBPs but lacked a CBD were not considered as CBPs. Once we identified an Arabidopsis sequence as a CBP, we used that sequence as query against TAIR and MIPS to identify its paralogs. The CBD regions were carefully analyzed using computer-aided detection programs (PROTEAN from DNA Star and HelixWheel from ExPASy tools (www.expasy.ch) as well as visual inspection. Further, BAC clones generated from the Arabidopsis sequencing project were used to determine the orientation of clusters of gene families on chromosomes. Chromosomal location of genes was identified using Arabidopsis Sequence Map Overview. Alignment of the CBP families was performed using the CLUSTAL method of the Megalign program; the file was saved as a PAUP nexus file. Phylogenetic trees were generated using a Heuristic Bootstrap method (100 replicates) of PAUP version 4.0b6, a maximum parsimony program. All CBPs were analyzed for the presence of various domains and organellar target sequences using CD search at NCBI and SMART, PEST, NLS, and coiled-coil prediction programs from ExPASy tools (www.expasy.ch). (Fig. 1 ). Based on restriction maps and sequence of the 5Ј and the 3Ј ends, we have grouped these clones into 20 distinct cDNAs with insert sizes ranging from ϳ1 to ϳ4 kb.
RESULTS
Isolation of cDNAs Encoding
The 5Ј and the 3Ј sequences of the cDNA clones were used as queries to search the recently completed Arabidopsis genome sequence (www.arabidopsis.org) to obtain complete nucleotide and deduced protein sequences. Sequences in the Arabidopsis database that showed 100% identity at the nucleotide level with the cDNA sequences were considered as the corresponding full-length genes. Based on this analysis, it was found that of 20 distinct CBPs identified in our screenings, 14 are new CBPs (Tables I and II) whereas the other 6 are previously reported either in Arabidopsis or other plants. The newly identified CBPs include four hypothetical proteins, a protein kinase C substrate-like protein (PKC substrate-like), photosystem I-N subunit (PSI-N subunit), a pirin-like protein, four ACBP60 proteins (homologs of TCBP60), and a new member of auxininduced proteins, cyclic nucleotide-like gated channels (CNGCs) and ethylene-induced CBPs (EICBPs). The previously identified six clones include KCBP (20 -24) , one TCBP60-like protein (25) , two cyclic nucleotide gated channels (26 -28) , an ethylene-induced CBP (29) , and a glutamate decarboxylase (9, 30, 31) (Tables I and II) .
Bioinformatics-based Identification of CBPs and Their Families in Arabidopsis-Paralogs of Arabidopsis CBPs were identified by searching the Arabidopsis genome database with the new CBP sequences identified in this study. Sequences that showed significant sequence similarity (E value Ͻ1 ϫ 10 Ϫ11 ) at the nucleotide and protein sequences were considered as paralogs of CBPs. To identify homologs of animal and other plant CBPs, we searched the Arabidopsis genome database with sequences of known animal and plant CBPs. In classifying a protein as a CBP, we used several criteria. These include conservation of the CBD and other domains if present, protein size, and identity/similarity along the entire length of the query and hit sequences. Our search resulted in identification of several gene families encoding CBPs in Arabidopsis (Table II) . Further, we identified additional members for some of the known CBP families. At least one member in each of the 16 Arabidopsis CBP families binds CaM in a Ca 2ϩ -dependent manner (see "Method" column in Table II) . We have identified another Arabidopsis CBP that shows very high sequence similarity to 60 S ribosomal L19 protein (E value Ͻ3 ϫ 10 Ϫ54 ) that was isolated from Dictyostelium discoideum using 125 I-CaM (32) . The likely reasons for not identifying other members of the 16 CBP gene families in our screening of expression libraries are that they may be expressed in response to specific stimulus or developmental cues and/or as the result of differential affinities for CaM isoforms. Our results indicate that there are at least 27 distinct CBPs that interact with CaM in a Ca 2ϩ -dependent manner in Arabidopsis. Of these, 11 exist as singletons and 16 exist as gene families consisting of 2-20 members. Together with all the paralogs, there are ϳ100 individual CBPs (Tables  I and II) , which represent ϳ0.4% of the Arabidopsis genes (total ϳ25,498 genes).
Genes Encoding CBPs Are Expressed Differentially-The identification of a variety of CBPs including several gene families in the Arabidopsis genome warrants analysis of their expression in different tissues and in response to various stimuli and during growth and development. We obtained expression data by RNA blot analysis with some of the newly isolated CBPs and by analyzing the EST databases for the presence of a corresponding EST clone. Fig. 2 shows the expression data of newly isolated clones, whereas the data from the EST database are summarized in Tables I and II . We found the presence of gene transcripts for various CBPs in leaf, stem, flower, root, silique, developing seed, and cell cultures and in response to cold, drought, and salt stresses. The expression data are presented in Tables I and II (bold plus sign for experimental results and normal plus sign for the tissue from which the EST was isolated). Interestingly, members of the ACBP60 family are expressed differentially (Fig. 2 ). At5g62570 and At2g18750 show higher expression in stem tissue compared with At5 g57580 and At4g25800. At5g62570 and At2g18750 show very little expression in leaves compared with other tissues (Fig. 2) . At5g57580 shows equal amounts of its transcripts in the tested tissues (Fig. 2) . The genes encoding PKC substrate-like and pirin-like proteins show lower levels of expression in leaf compared with stem, flower, and root tissues. Pirin-like protein also showed a differential expression with the highest expression in stem (Fig. 2) .
The expression of EST clones corresponding to 54 other CBPs is summarized in Tables I and II . Of the five GADs present in Arabidopsis, only two (GAD1 and GAD2) were reported and both showed differential expression. GAD2 expresses in leaf, stem, flower, and root tissues, whereas GAD1 expresses only in roots (31) . Several Ca 2ϩ /ATPases that belong to autoinhibited Ca 2ϩ /ATPases (ACAs) and endoplasmic reticulum-type Ca 2ϩ / ATPases (ECAs) have been identified (33) . Tissue-specific gene expression is prevalent for 7 of 12 ACAs. The expression pattern for four ACAs (ACA1, -2, -4, and -8) has been shown previously (33) and for three ACAs (At3g57330, At4g29900, and At1g13210) has been obtained from the EST database (Table II) . ACA1 is expressed more in root than in leaf (34) . ACA2 gene transcripts are found in leaf, root, flower (35) , silique, and developing seed (Table II) . The expression of ACA4 is present in leaf, stem, flower, silique, and at high levels under NaCl stress (33) and in root (Table II) , and ACA8 is present in cell cultures (36) . Further, transcripts for CNGC4, EICBP.c and ACA4, are induced in response to NaCl stress. Expression of ACA1 is induced in response to drought and cold, suggesting differential expression of ACAs in response to various stimuli (Table II) . Of the two PPIs, At3g25230 (Table II) shows expression in leaf, stem, flower, and root tissues and high level expression under wounding and NaCl stresses (37) , and EST data suggest its expression in silique and developing seed (Table II) . Of the TGA3 members (Table II) , At1g22070 is expressed in leaf, stem, and flower, and at high levels in root (38) . During the third screening, the filter was divided into two equal parts. One half of the filter was incubated with binding buffer (50 mM TrisHCl, pH 7.5, and 150 mM NaCl with 1% nonfat dry milk) containing EGTA (EGTA), and the other half was incubated with binding buffer containing calcium chloride (CaCl 2 ).
Conserved Regions Are Found in the Calmodulin-binding
most cases it forms a characteristic basic-amphiphilic ␣-helix structure. The amino acid sequence of CBDs, when arranged in a helical wheel, forms an amphiphilic helix with several basic and polar residues on one side and a number of hydrophobic residues on the other side (10) . Interestingly, alignment of CBDs of members of a given CBP family suggests that the CBD in a specific CBP gene family is conserved with some exceptions. Fig. 3 shows the alignment of CBD regions of members of 11 CBP gene families. At least two members in each family bind CaM in a Ca 2ϩ -dependent manner in a gel overlay assay (Fig. 3) . Alignment of CBDs of 5 small auxin up-regulated-like proteins (SAURs), 7 ACBP60s, 20 CNGCs, 6 EICBPs, 3 APCBPs, 2 PPIs, 5 TGAs, and 6 HSP70s shows high sequence similarity (Fig. 3) , suggesting that all are likely to interact with CaM. Amino acid sequence comparison between members of CB-HSPs, GADs, and ACAs shows less sequence similarity although some members are shown to bind to CaM. The sequence analyses suggest that the CBD sequence in the SAUR, ACBP60, CNGC, EICBP, APCBP, PPI, TGA (the CBD of TGA is predicted but not proven experimentally) (39) , and HSP70 families is more conserved than in the CB-HSP, GAD, and ACA families. The CBDs in GAD1 (At5g17330) and GAD2 (At1 g65960) of the GAD family and ACA1 (At1g27770) and ACA8 (At5g57110) of the ACA family are diverged but still retain the ability to bind to CaM (31, 34, 36) . Differences in CBDs of members of a given family could account for different affinities with specific CaM isoforms. For example, CNGC1 (At5g53130) and CNGC2 (At5g15410) differ in their affinity to AtCaM isoforms (12) . GAD1 (At5 g17330) and GAD2 (At1g65960) differ in their CBD region and showed differential enzyme activity by CaM (31) . The CBD in most CBPs resides in extreme ends (e.g. ACBP60s, CB-HSPs, GADs, PPIs, KCBP, and chaperonin have the CBD in their C terminus, whereas SAURs and Ca 2ϩ /ATPases have their CBD in the N terminus). The CBD in some CBPs is in the middle (e.g. apyrase, APCBPs, TGA3s, and Hsp70s) or within the ϳ100 amino acids of the C terminus (e.g. CNGCs and EICBPs). Because of the presence of several CBP gene families in Arabidopsis, it will be necessary to study the interaction of each member of a gene family with CaM isoforms to functionally characterize the gene families in Ca 2ϩ /CaMmediated signal transduction networks.
Phylogenetic Relationships between Paralogs of Arabidopsis CBPs-To determine the relationship between members of a CBP family, the full-length protein sequences of members of the five CBP gene families were aligned using the MegAlign program and phylogenetic trees were constructed from the aligned files using the PAUP version 4.0b6 program (40) . The phylogenetic relationships of five CBP families, location of all CBP encoding genes on chromosomes, and the domain and gene organization of three families are presented in Figs. 4, 5, and 6, respectively.
The seven Arabidopsis ACBP60s were aligned with CBP60s from other plants to build the tree (Fig. 4A) . They show 55-73% identities and fall into two major subgroups. The tobacco, maize, and one ACBP60 (At2g18750) fall outside of these groups. The phylogenetic tree of CNGCs divided them into four subgroups ( Fig. 4B ) with sequence similarity ranging from 55 to 85%, which is consistent with the earlier analysis (41) . Group IV, which consists of four AtCNGCs, forms a separate distant group with rice CNGC (21-80% identity between members), and the other 16 AtCNGCs form into three closely related subgroups (group I, II, and III) (Fig. 4B) . The Drosophila melanogaster CNGC was used as an outgroup in analyzing the relationship between the 20 Arabidopsis CNGCs. Interestingly, CNGC1 (At5g53130) and CNGC2 (At5g15410), which differ in their affinity to AtCaM isoforms (12) , fall into two separate groups. In the CNGC family, there are five genes arranged in two tandem repeats and the coding regions are separated by ϳ1 kb. One repeat is on chromosome 3 with two genes (group II; At3g17690, 15s; and At3g17700, 15t in Fig. 5 ) and the other is on chromosome 2 with three genes (group I; At2 g46430, 15c; At2g46450, 15r; and At2g46440, 15 h in Fig. 5 ).
The EICBP family consists of six members, and their phylogenetic tree classifies them into two major groups (Fig. 4C) . Interestingly, the EICBPs show significant sequence identity at their N and C termini and are diverged in the middle region (Fig. 6) . The EICBP family contains two putative DNA-binding domains at the N terminus and an acidic domain at the C (90) , and multidrug resistance proteins (91) were isolated from other plants.
b Arabidopsis cDNA libraries used in screening were prepared from flower meristem (FM) or tissues treated with auxin (AuxT), elicitor (ET) or ethylene (EtT).
c The CBP was isolated by screening expression libraries with labeled CaM (E) or identified based on sequence similarity to bean clones (BH) or known plant (PH) CBP.
d Transcript analysis in leaf (L), stem (S), flower (F), root (R), and silique (Q) tissues. Bold plus (؉) indicates results from this paper; normal plus (ϩ) indicates the data obtained from the EST database search; and letter "y" indicates the results derived from published papers: KCBP (20) , chaperonin 10 (87), apyrase (90, 92) , and PP7 (93) .
e Presence (P) or absence (NP) of plant CBPs in non-plant systems. Bold underlined ("P"), known to bind to CaM; normal ("P"), not known to bind to CaM.
f A kinesin-like protein from sea urchin contains CaM-binding domain at its C terminus. However, the N terminus domains (MyTH4 ϩ talin-like) present in KCBP are not found in animal homolog.
g Its gene expression is observed in 2-3-week-old seedlings treated with 200 mM NaCl. terminus (29) . The EICBP members show 40 -80% sequence identity with the N terminus parsley DNA-binding factor, CG-1 protein, (42) and 25-55% sequence similarity with the partial C terminus of the ethylene-induced protein (ER66) protein from tomato (43) . Of the five GADs, At3g17760 falls into a distinct group and is also separated from other plant GADs (Fig. 4D) . The other four GADs fall into a group with two genes arranged in a tandem repeat (separated by ϳ2 kb) on chromosome 2 (At2g02010, 21c; and At2g02000, 21e in Fig. 5) .
Arabidopsis Ca 2ϩ /ATPases form two distinct classes (Fig.  4E ), ACA and ECA with the exception of At1g10130, an ECA with 34 introns. The recently identified CaM-regulated member of ECA, Zea mays ECA (44), also grouped with non-CaM binding AtECAs. Although the CaM-binding property is not yet determined, the C terminus of At1g10130 shows similarity to Z. mays ECA and forms a separate branch (Fig. 4E) . In contrast to GADs and CNGCs, some members of which are locally duplicated and arranged tandemly (21 and 15, respectively, in Fig. 5 ), the members of the ACA family are dispersed on all chromosomes (22 in Fig. 5 ). The six ACA Arabidopsis genes at the bottom of the tree (group II, At3g21180, At4g29900, At5g57110, At3g22910, At3g63380, and At5g53010 with 31, 33, 33, 0, 0, and 31, introns, respectively) form into one group. Above this, five ACA genes containing six introns (group I, At1g27770, At2g22960, At4g37640, At2g41560, and At3g57330) form another group. Interestingly, the ACAs in the group II reside on plasma membrane (36) , whereas the group I ACAs reside on endomembrane systems (33) (34) (35) .
Calmodulin-binding Proteins Contain Various Putative Domains-Analysis of newly identified
CBPs using domain prediction programs has resulted in identification of various putative domains that provide clues to their function. The results are shown in Fig. 6 and Fig. 7 . Cyclic nucleotide monophosphate binding domain is present in all 20 CNGCs (Fig. 6) . Based on Arabidopsis MIPS database, CNGCs contain putative b Arabidopsis cDNA libraries used in screening were prepared from mixed tissues (MT) or tissues treated with auxin (AuxT), elicitor (ET) or ethylene (EtT).
c The CBP was isolated by screening of expression libraries with labeled CaM (E) or identified based on bean clones (BH) from bean library or sequence similarity to known plant (PH) or D. discoideum (DH) CBPs.
d Expression analysis in leaf (L), stem (S), flower (F), root (R), silique (Q), developing seed (D), and cell culture (C) tissues. 15d, 16c, 22d, and 23a are expressed under NaCl stress. 22a and 23a are expressed under drought, cold, and wounding stress, respectively. Bold plus (؉) indicates results from this paper, normal plus (ϩ) for data obtained from the EST database search, and letter "y" indicates the results from published papers: CNGC1 and -2 (28), EICBP.a (29), GAD1 and -2 (31), ACA1 (34), ACA2 (35), ACA4 (33), ACA8 (36), PPI.a (37), and TGA3.a (38) .
f A short region in EICBP is found in a human putative transcription factor (E value Ͻ3 ϫ 10
Ϫ14
). g GAD homologs are present in animals but the CBD is absent.
signal peptide sequences targeting to membrane (11 CNGCs), chloroplast (4 CNGCs), mitochondria (3 CNGCs), and secretary pathway (2 CNGCs). Some CBPs contain putative domains found in transcriptional factors. Two putative DNA-binding domains (one is similar to parsley CG1 DNA binding domain and other domain is similar to human Ig-like, plexins, transcription factors, IPT/TIG) are present in EICBPs (Fig. 6) . Further, nuclear localization motifs have been detected in EICBPs (Fig. 6 ) and in a hypothetical protein (1 in Table I and Fig. 7) . Tetratricopeptide repeats and ankyrin repeats that are implicated in protein-protein interaction are present in several CBPs including EICBPs (Fig. 6 ) and APCBPs (data not shown). Coiled-coil regions that aid in dimerization are present in EICBP. A double-stranded ␤-helix domain in pirin-like protein is involved in carbohydrate binding and protein-protein interaction. A putative RING domain, present in the hypothetical protein (13 in Table II and Fig. 7) , is found in diverse proteins including ubiquitin-protein isopeptide ligases (45) . Transmemembrane domains are found in some CBPs (PSI-N subunit, apyrase, MDR-like, Ca 2ϩ -ATPases, and CNGCs) (Figs. 6 and 7). Low density lipoprotein receptor domain A is present in PKC substrate-like protein (Fig. 7) .
DISCUSSION
Prior to this report, only 10 (31 including their family members) distinct CBPs were reported in Arabidopsis (1) . In this report we identified an additional 17 new CBPs, 7 from our screening and another 10 from database searches using other known plant and animal CBPs. Of 27 CBPs, 16 CBPs have two or more paralogs. Including all paralogs, there are ϳ100 CBPs in Arabidopsis. Of 27 CBPs, 13 are specific to plants and not found in animals. The Arabidopsis genome sequencing project has revealed that one third of the genes (ϳ8000) do not have a homolog in animals (11) . In this report, we identified some of these hypothetical proteins as CBPs. In addition, we also identified some previously characterized proteins in plants and animals as CBPs.
Plants Have a Unique Set of CBPs-Thirteen CBPs including 4 hypothetical proteins, auxin-induced proteins, photosystem I-N, PP7, ACBP60s, EICBPs, APCBPs, CaM-binding heat shock proteins, GADs, and TGAs are found to be specific to plants (Tables I and II) . Although members of EICBP show sequence similarity to some regions of IPT/TIG domain-containing proteins from humans and Drosophila (e.g. BAA74932 protein from humans, E value 3 ϫ 10 Ϫ15 ), the CaM binding property of these animal proteins has not been shown. A homolog of plant GAD is present in animals and E. coli, but it lacks a CBD (31) . Although plant and animal GADs convert glutamic acid into ␥-aminobutyric acid (GABA), in animals GABA is involved in different cellular activities as an inhibitory neurotransmitter whereas in plants GABA acts as a stress adopter chaperonin, and plant GAD activity is controlled by Ca 2ϩ /CaM (9, 30) . In tomato, an alternatively spliced form of diacyl glycerol kinase contains a CBD. However, its normal isoform did not bind CaM (46) . We searched the Arabidopsis database for homologs to tomato isoforms and found six members of diacyl glycerol kinases, but none of them contain a CBD. Further, two CBPs, Ca 2ϩ /CaM-dependent protein kinase from lily and tobacco (47, 48) and CaM-dependent protein kinase II from apple (49), have not been found in Arabidopsis. Calmodulin has been shown to stimulate the activity of superoxide dismutase, NAD kinase (8), phosphoprotein phosphatase 2B (50, 51) , aspartate kinase (52) , and phospholipase A2 (53) . However, the genes encoding these proteins have not been cloned. When we used sequences of animal homologs of these CBPs as queries, we identified several members for some of these proteins in the Arabidopsis database. Because the CBD is not mapped in these proteins, we cannot speculate as to which member of a family possesses a CBD; therefore, they are not included in the present analysis. In Arabidopsis, 59 SAURs and many multidrugresistant (MDR)-like proteins are present (11) . However, only five SAURs have a conserved CBD, and the CBD is not mapped in MDR; hence, we did not include the other SAURs and MDRlike proteins in the present analysis. The animal proteins showing homology to plant CBPs such as PKC substrate-like, ATPase, chaperonin 10, glyoxalase, apyrase, 60 S ribosomal L19, and pirin-like have been found in the database. However, the CaM-binding property of these animal proteins has not been reported.
Based on literature and database searches for CBPs, 29 animal CBPs have no homologs in Arabidopsis, suggesting that they are unique to animals (Table III) . However, some animal CBPs show high sequence similarity to small regions of Arabidopsis proteins because of the presence of specific domains but lack CBD region. Most CBPs from animals are involved in visual and neural specific Ca 2ϩ /CaM signal transduction cascades (Table III) . Furthermore, although homologs for some of the plant CBPs are present in animals (Tables I and II) , only a few of them bind CaM in a Ca 2ϩ -dependent manner (Tables I  and II) . These are kinesin C, MDR-like, CNGCs, Ca 2ϩ /ATPases, HSP70, PPI, and EF-1␣. Interestingly, despite the presence of a common set of CBPs in both plants and animals, their recruitment in Ca 2ϩ /CaM modulated signal transduction networks is entirely different. For example, Arabidopsis kinesinlike CaM-binding protein (5 in Table I ) is localized to the preprophase band and phragmoplast structures and is involved in trichome morphogenesis, all of which are specific to plants (54, 55) . The function(s) of kinesin C, a CaM-binding kinesin, in sea urchin has not been studied ("Non-plant homolog" column in Table I ). Although CNGCs conduct nonselective metal ions across the membranes in plants and animals, they are involved in vision and olfactory sensory signal transduction systems in animals (56) whereas they are involved in various biotic and metal stress responses in plants (57, 58) . Furthermore, the sequence and location of the CBD in CNGCs is different in plants (C terminus) and animals (N terminus). Although the CBD sequence and its location are different in plants (N terminus) and animals (C terminus) in Ca 2ϩ /ATPases, they perform a similar function in regulating [Ca 2ϩ ] cyt levels by pumping out Ca 2ϩ from the cytoplasm. However, they may be activated by different physiological conditions. These observations suggest that plants contain a unique set of CBPs that (Table II) . Although there are some common sets of CBPs found in plants and animals, plants contain more paralogs for CNGCs, pirinlike proteins, Ca 2ϩ -ATPases, EF-1␣, and HSP70s. Members of a CBP gene family are highly conserved at their protein sequence level, and most likely all members of a family bind CaM in a Ca 2ϩ -dependent manner. This is evidenced as follows: (i) more than two members in a gene family were shown to bind CaM in a Ca 2ϩ -dependent manner and were isolated in our screening (Table II) , (ii) the CBD region in members is highly conserved (Fig. 3) and forms a characteristic basic amphipathic ␣-helix in which basic and polar and hydrophobic residues segregate on opposite sides (data not shown), and (iii) members of each family are similar in size and exhibit similar domain and gene organization (Table II and Fig. 6 ).
The significance of multiple paralogs of CBPs in Arabidopsis is not known, but they are likely to be involved in fine-tuning cellular activities that are regulated by Ca 2ϩ /CaM. First, members may be functionally distinct and possess specific biochemical and physiological properties. This is evident in some cases where members of a family exhibit differential enzyme activity and regulation and affinities for CaM isoforms. For example, CNGC1 and CNGC2 showed differential affinity with CaM isoforms (12) and GAD1 and GAD2 isoforms possess differential enzyme activity (31) . The CNGC2 is involved in disease resistance (57), whereas CNGC1 regulates Pb 2ϩ entry into the plants (59) . Second, members of each family are likely to be under the control of distinct regulatory elements. This is evident by the differential expression and localization patterns of members of CBPs in Arabidopsis. For example, the ACA family members ACA1, -2, and -4 are differentially expressed (Table  II) and located on different endomembranes (33) (34) (35) 37) , whereas ACA8, -9, and -10 are located on the plasma membrane (36) , suggesting that the members of the ACA gene family may likely be regulated at the transcriptional and the post-translational levels. Finally, some members of a gene family may show functional redundancy, e.g. certain ACA members (ACA8, -9, and -10) are all located on the plasma membrane (37) and are likely to perform the same function in Ca 2ϩ homeostasis. These genes contain a similar number of introns and show a close relationship although they are distributed on different chromosomes (Fig. 5) . These genes may have evolved by gene duplication and shuffling events during evolution. During this shuffling process, some intronless Ca 2ϩ /ATPase paralogs (At3g63380 and At3g22910 from the plasma membrane pumps) have been generated and, in other cases, short gene fragments (pseudogenes) were integrated elsewhere in the chromosomes (e.g. GAD, At3g17720; and PPI, At4g34870).
Possible Physiological Roles of Newly Identified Arabidopsis CBPs-Several hypothetical CBPs have been isolated from auxin and elicitor treated tissues. A hypothetical protein (13 in Table II and Fig. 7 ) contains a putative RING domain, which in some cases promotes polyubiquitination (45) . Hence, it is likely that the hypothetical protein may be involved in post-translational modifications. Because a hypothetical protein (1 in Table  I and Fig. 7 ) contains four putative nuclear localization sequences and was isolated from auxin-treated (17 independent clones) and elicitor-treated libraries (11 independent clones), it is likely to be involved in auxin signal transduction and plant defense. Three members of pollen-specific CBPs in Arabidopsis show sequence similarity to a maize pollen-specific CBP (15) . Because Ca 2ϩ plays a key role in pollen germination and tube growth and maize pollen-specific CBP is expressed specifically in pollen, these are likely to be involved in pollen development and function.
The photosystem I-N subunit is located in the luminal side of thylakaoid membranes in association with PSI (60). Transgenic plants lacking PSI-N subunit show inefficient electron flow between PSI and PSII resulting from partial impairment of electron transfer (50%) from plastocyanin to P700 (60) . Identification of PSI-N subunit as a CBP suggests possible regulation of electron flow in photosynthesis by Ca 2ϩ /CaM. In animals the proteins containing the low density lipoprotein receptor domain class A domain have been shown to bind to specific lipoproteins (61) , suggesting that PKC substrate-like protein may interact with lipoproteins.
Using NFI/CTF1 as a bait protein, human nuclear localized pirin was isolated from a HeLa cDNA library (62) . NFI/CTF1 regulates transcription of a number of cellular promoters containing NFI/CTF1 binding sites (I/CCAAT). However, plant homologs to animal NFI/CTF1 have not been characterized to date. Nevertheless, identification of an evolutionarily conserved pirin-like protein as a CBP in plants would help understand the regulation of pirin-like protein by Ca 2ϩ /CaM. Three distinct CBPs containing three to six members involved in the regulation of heat stress were identified in Arabidopsis and other plants (25, 63, 64) . These include ACBP60s, CB-HSPs, and HSP70s (Table II) . The exact role of these three CBPs in heat shock stress has not been studied. Furthermore, ACBP60s and CB-HSPs do not contain any distinct domains, but HSP70s possess ATPase activity (65) . The transcripts of TCBP60s (homologs to ACBP60s) are repressed (25) , whereas CB-HSPs (64) and HSP70s (65) are increased in response to heat stress. Recent reports indicate that heat shock elevates [Ca 2ϩ ] cyt levels (66) , which in turn may activate CaM and other Ca 2ϩ -binding proteins to regulate and prevent the cellular machinery from thermal denaturation.
Members of EICBPs, with putative domains involved in transcriptional activity and EICBP.a, whose transcripts are induced by ethylene, might be involved in ethylene signal transduction processes regulated through Ca 2ϩ /CaM messenger system. Recent studies suggest that the increased [Ca 2ϩ ] cyt levels are associated with ethylene-regulated cellular activities such as senescence and programmed cell death (67) (68) (69) (70) . Arabidopsis has 20 highly conserved CNGCs (Table II; Fig. 6 ). Some plant CNGCs, as in animals, are involved in permeability of Ca 2ϩ and other metal transport. This is evident by: (i) influx of Ca 2ϩ ions into cytoplasm in embryonic kidney cells overexpressing AtCNGC2 (71) and (ii) the fact that Arabidopsis contains only two Ca 2ϩ channels as compared with 38 in human (72) . In animals, CNGCs are involved in light, visual, and olfactory signal transduction cascades (56) . In contrast, members of CNGCs in plants are involved in metal tolerance (27, 58, 59) , disease resistance (57) , and likely in Ca 2ϩ homeostasis (71) . These studies suggest that CNGCs in plants and animals perform distinct physiological roles. It is tempting to speculate that one or more members of CNGCs in plants may function in light signal perception and transduction because of their function in light perception and vision in animals.
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(KCBP, myosins), ion transport (CNGC1), disease resistance (CNGC2 and NAD kinase), abiotic stress tolerance (ACA4 and CNGC2), thermal stress tolerance (ACBP60s, CB-HSPs, HSP70s), salt tolerance (glyoxalase), light responses and ATP transport (apyrase), Ca 2ϩ homeostasis (ACAs and CNGCs), nitrogen metabolism and growth and development (GAD), pollen development and/or function (APCBPs), fatty acid metabolism (PKC-substrate-like), photosynthesis (PSI-N subunit), cytoplasmic streaming and transport (myosins), and hormonal regulation (auxin, SAURs; ethylene, EICBPs). However, the precise role of many of these CBPs in Ca 2ϩ signaling is not known. For example, although EICBP.a transcript is inducible by ethylene and EICBP family members contain motifs characteristic of transcriptional activators, the target genes in ethylene signal transduction network are unknown. In addition, the presence of multiple members for several CBP gene families raises questions related to their functional significance in mediating Ca 2ϩ signal transduction networks in plants. Our screening of several expression libraries coupled with a detailed database search resulted in the identification of 100 CBPs in the Arabidopsis genome. It is likely that there are more CBPs in Arabidopsis. Identification of such a large number of genes supports their involvement in diverse cellular processes regulated by Ca 2ϩ . Screening of additional libraries prepared from tissues exposed to other stresses or treated with other hormones with CaM isoforms including AtCaM8 and AtCaM9, is likely to yield additional CBPs.
Using knockout/loss-of-function and gain-of-function mutants, it should be possible to study the function of individual members. Knockout mutants for most of the CBPs are now available (Table IV , provided as supplemental information and available on-line) and can be used to dissect the function(s) of individual CBPs in Ca 2ϩ -signaling networks. Although functions of single-copy genes could be analyzed through knockout mutational screening approach, it will be necessary to develop double or triple mutants for the members of CBP families. However, such difficulty can be overcome with the use of the gain-of-function mutant approach. Using gain-of-function mutational screening, the functions of members of gene families such as bas1-d (76) , yucca (77) , and pap1-D (78), involved in brassinosteroid, auxin, and phenylpropanoid biosynthetic pathways, respectively, have been successfully determined.
